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Abstract: Zinc cluster proteins are a large family of transcriptional regulators with a wide range of 11 
biological functions. The zinc cluster proteins Ecm22, Upc2, Sut1 and Sut2 have initially been 12 
identified as regulators of sterol import in the budding yeast Saccharomyces cerevisiae. These 13 
proteins also control adaptations to anaerobic growth, sterol biosynthesis as well as filamentation 14 
and mating. Orthologs of these zinc cluster proteins have  been identified in several species of 15 
Candida. Upc2 plays a critical role in antifungal resistance in these important human fungal 16 
pathogens. Upc2 is therefore an interesting potential target for novel antifungals. In this review we 17 
discuss functions, mode of actions and regulation of Ecm22, Upc2, Sut1 and Sut2 in budding yeast 18 
and Candida. 19 
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 22 
1. Introduction 23 
Zn(II)2Cys6 binuclear cluster proteins or just zinc cluster proteins are a large family of 24 
exclusively fungal transcriptional regulators [1,2]. The first studied member of this family was Gal4, 25 
which is one of the best characterized eukaryotic transcriptional activators. Zinc cluster proteins 26 
contain a well conserved Cys-X2-Cys-X6-Cys-X5-12-Cys-X2-Cys-X6-8-Cys motif which is part of a 27 
DNA-binding domain. The three-dimensional structure of Zn(II)2Cys6 cluster has been determined 28 
for several proteins including Gal4 and Ppr1 (Figure 1) [2-4]. In Gal4, Ppr1 and several other proteins 29 
the first three cysteine residues of the motif bind to one Zn2+ ion and the next three cysteines 30 
conjugate a second Zn2+ ion. Binding of these zinc ions is necessary to form the compact structure of 31 
two short  helices separated by a loop. The Zn(II)2Cys6 cluster of most if not all members of the 32 
family seems to bind directly to DNA. In many proteins, the Zn(II)2Cys6 cluster is followed by a 33 
linker region which is also part of the DNA-binding domain [5] (Figure 1). This linker can be 34 
involved in DNA-binding specificity [6]. The Gal4 linker is extended and follows one DNA strand. 35 
In contrast, the Ppr1 linker forms an antiparallel  sheet and has no contact with DNA. In Gal4, Ppr1 36 
and several other zinc cluster proteins the linker region is connected to a coiled-coil dimerization 37 
domain [5] (Figure 1). Some zinc cluster proteins might bind as monomers to DNA but the majority 38 
of proteins form dimers. 39 
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 40 
Figure 1. Structures of DNA-binding domains of zinc cluster proteins. (A) Crystal structure of the 41 
Gal4-DNA complex (PDB 1D66); (B) Crystal structure of the Ppr1 DNA-binding domain (PDB 1PYI). 42 
Both proteins form dimers. The two subunits are shown in yellow and pink. Grey spheres represent 43 
Zn2+ ions. 44 
Zinc cluster proteins are best studied in the budding yeast Saccharomyces cerevisiae [2]. Its 45 
genome encodes 55 members of this family. Several zinc cluster proteins of the human fungal 46 
pathogen Candida albicans have also been well characterized. Sequencing of the genome allowed the 47 
identification of 77 putative zinc cluster proteins in this species [2]. Since this family of 48 
transcriptional regulators is quite large it is not surprising that their members are involved in a wide 49 
range of functions from amino acid metabolism to multidrug resistance [2]. The zinc cluster proteins 50 
Sut1, Sut2, Upc2 and Ecm22 have initially been identified as important regulators of sterol uptake 51 
[7-11]. Later it has been shown that these proteins also have other functions such as regulation of 52 
sterol biosynthesis and more recently differentiation. In this paper we review the functions of these 53 
zinc cluster proteins and describe the regulation of their activities. Since Sut1, Sut2, Upc2 and Ecm22 54 
have first been characterized in budding yeast and because much of our understanding of their 55 
functions and regulation is largely derived from experiments using budding yeast, we first focus on 56 
this species in this review. We then highlight the role of SUT1, SUT2, UPC2 and ECM22 orthologs in 57 
the pathogenesis of several Candida species. 58 
Budding yeast SUT1/SUT2 and ECM22/UPC2 are paralogous pairs that probably arose from a 59 
whole genome duplication of a budding yeast ancestor [10-12]. Ecm22 and Upc2 are not closely 60 
related to any other zinc cluster protein [13]. They have a perfect zinc cluster motif at the N-terminus 61 
as found in almost all zinc cluster proteins [5] (Figure 2). The DNA-binding domains of Ecm22 and 62 
Upc2 show some homology with the DNA-binding domain of Ppr1 and Gal4, respectively. Their 63 
three-dimensional structure might therefore also be similar (Figure 1). 64 
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Figure 2: Domain structures of Ecm22, Upc2, Sut1 and Sut2. Shown are proteins from the budding 66 
yeast S. cerevisiae (S.c.) and C. albicans (C.a.). Asterisks denote gain-of-function mutations of Ecm22 67 
and Upc2. The red asterisk of C. albicans Upc2 represents several distinct amino acid substitutions 68 
between residue 642 and 648. 69 
Sut1/Sut2 are much smaller than Ecm22/Upc2 and the homology is rather low. Sut1 and Sut2 70 
are unique among zinc cluster proteins as they do not have a 5-12 residue spacer in the center of the 71 
Zn(II)2Cys6 cluster. Instead, the third and fourth cysteine are separated by a much larger spacer of 72 
over 60 residues [5,10]. It would therefore be interesting to determine their three-dimensional 73 
structure as this might be relevant for their function. 74 
Since Ecm22, Upc2, Sut1 and Sut2 are transcription regulators it is not surprising that nuclear 75 
localization signals (NLSs) have been predicted for all proteins (Figure 2). However functionality has 76 
only been demonstrated for the Upc2 NLS [14]. Sut1 and Sut2 exclusively localize to the nucleus, 77 
whereas Ecm22 and Upc2 can shuttle between cytoplasm and nucleus [10,14-17]. 78 
2. Functions of Ecm22, Upc2, Sut1 and Sut2 in budding yeast 79 
2.1 Regulation of sterol uptake 80 
The budding yeast Saccharomyces cerevisiae is one of the few eukaryotes that can grow rapidly 81 
under both aerobic and strictly anaerobic conditions [18]. Yeast cells adapt to the lack of oxygen by 82 
inducing the expression of „anaerobic genes“. These genes encode for proteins that remodel sterol 83 
homeostasis, cell wall maintenance as well as respiration and carbohydrate metabolism. 84 
Sterols are essential membrane lipids which are required for the structure and function of 85 
plasma membranes [19-21]. In fungi, the predominant sterol is ergosterol, the equivalent of 86 
mammalian cholesterol. In the presence of oxygen, yeast cells synthesize ergosterol and do not take 87 
up significant amounts of extracellular sterols [19]. This phenomenon, termed aerobic sterol 88 
exclusion, seems counterintuitive. Sterol biosynthesis is a complex process involving almost 30 89 
enzymes and consumes large amounts of energy [21]. One may therefore expect that cells which are 90 
able to import sterols from the extracellular medium have a clear advantage. Aerobic exclusion 91 
might be a way for cells to ensure that only the best fitting sterols accumulate in its membranes. In 92 
fact, cells with defects in the sterol biosynthesis pathway display pleiotropic defects such as 93 
impaired endocytosis, cell polarization, cell fusion and cell wall assembly [22-26]. Under anaerobic 94 
conditions, cells cannot synthesize ergosterol, since this process requires oxygen, and cells import 95 
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sterols which is then required for viability [20]. Sut1, Sut2, Upc2 and Ecm22 all play important roles 96 
in the control of sterol uptake in the absence of oxygen. 97 
Overexpression of either SUT1 or SUT2 induces sterol import even under aerobic conditions 98 
[8,10]. However, simultaneous deletion of SUT1 and SUT2 does not affect sterol import and growth 99 
under anaerobic conditions [10], presumably due to the presence of other regulators of sterol uptake 100 
such as Ecm22 and Upc2. The constitutively active mutant Upc2-1, in which glycine at position 888 101 
near the C-terminus is altered to aspartic acid (G888D), also imports sterols in the presence of 102 
oxygen [7,9] (Figure 2). The C-terminal region containing the point mutation is highly similar 103 
between Ecm22 and Upc2 [11] (Figure 2). Introduction of the corresponding point mutation in 104 
Ecm22 (G790D) also results in increased sterol uptake [11]. 105 
The hyperactive Upc2-1 upregulates the expression of AUS1 and PDR11 which encode two 106 
closely related members of the ATP-binding cassette (ABC) family of transporters [27] (Figure 4). 107 
Aus1 and Pdr11 form a complex in the plasma membrane and are together essential for sterol import 108 
[27-29]. DAN1 is another anaerobic gene whose expression is induced by Upc2 [27,30] (Figure 4). 109 
DAN1 encodes a cell wall mannoprotein that mediates sterol import [27,31]. It would be interesting 110 
to find out how cell wall proteins such as Dan1 and plasma membrane transporters such as Aus1 111 
and Pdr11 function together in the uptake of sterols. 112 
Little is known about the exact role of Ecm22 in sterol uptake. However, the anaerobic 113 
induction of DAN1 seems to depend on both Ecm22 and Upc2 [32]. Sut1 stimulates the expression of 114 
DAN1 and AUS1, like Upc2, but not of PDR11 [17,31,33]. The underlying mechanisms of 115 
Sut2-mediated sterol uptake are unknown. Concomitant overexpression of SUT1 and SUT2 results 116 
in the same sterol uptake levels than overexpression of either SUT1 or SUT2 alone, suggesting that 117 
Sut1 and Sut2 may control the expression of the same or very similar targets [10]. Rather few target 118 
genes have been identified for Sut2 and all of them are also regulated by Sut1 [34,35]. However none 119 
of the Sut2 target genes seems to be involved in sterol uptake. 120 
2.2 General adaptations to anaerobic conditions 121 
Switching from sterol synthesis to sterol uptake is not the only adaptation to anaerobic 122 
conditions. Yeast cells also alter expression of genes involved in cell wall maintenance and 123 
respiration [18]. Upc2 and Sut1 play important roles in these processes but are not the only 124 
regulators. Interestingly, budding yeast does not sense oxygen concentrations directly. Instead, 125 
transcription factors sense levels of molecules that require oxygen for their synthesis such as heme 126 
and ergosterol [18]. In the presence of oxygen, heme is synthesized and binds to Hap1, a 127 
transcriptional regulator of the zinc cluster protein family. Activation of Hap1 by heme induces the 128 
expression of aerobic genes including ROX1 which encodes a repressor of anaerobic genes. Rox1 129 
binds to the promoter region of these genes often together with the general co-repressor Tup1-Cyc8 130 
(also known as Tup1-Ssn6). Mot3, another DNA-binding protein, enhances Rox1 repression for some 131 
anaerobic genes. In the absence of oxygen, heme is no longer synthesized which results in the 132 
deactivation of Hap1 and therefore reduced expression of ROX1. The loss of Rox1 repression then 133 
leads to activation of anaerobic genes. As described below, Rox1 also controls the transcription of 134 
UPC2 and SUT1. 135 
Sut1 and Upc2 regulate the expression of anaerobic genes. Over 100 anaerobic genes have a 136 
Upc2-binding site in their promoter [36]. This includes all but one member of the PAU/DAN/TIR 137 
group. The DAN/TIR family includes DAN1, DAN4, TIP1 and TIR1-4. The related PAU family 138 
consists of 24 members including PAU23 and PAU24, which previously were named DAN2 and 139 
DAN3, respectively [37]. Expression of PAU/DAN/TIR genes is not or only partially controlled by 140 
Rox1 or Hap1 [30,36,38-41]. Upc2 and Sut1 both positively regulate the expression of over 10 141 
PAU/DAN/TIR genes [27,30,31,41]. Rather little is known about these anaerobic proteins. Several of  142 
them are cell wall mannoproteins and  they seem to be involved in cell wall maintenance. As 143 
mentioned above, Dan1 mediates sterol uptake [27,31]. Complementation experiments in Candida 144 
glabrata using budding yeast TIR3 suggest that TIR3 might also have a role in sterol import [42]. 145 
There is no evidence that other PAU/DAN/TIR genes are also involved in sterol uptake. 146 
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Interestingly, Upc2 not only upregulates the expression of PAU/DAN/TIR genes under anaerobic 147 
conditions, at the same time, Upc2 downregulates CWP2, a major aerobic counterpart of the 148 
PAU/DAN/TIR group [43]. Thus, Upc2 reciprocally controls the transcription of aerobic and 149 
anaerobic cell wall genes in the absence of oxygen. 150 
Only few anaerobic target genes have been identified for Ecm22. It appears that Ecm22  151 
induces at least some PAU/DAN/TIR genes including DAN1, PAU23 and PAU24 [32,43]. 152 
Sut1 is also involved in remodeling respiratory metabolism in the absence of oxygen. It 153 
downregulates the expression of several genes with mitochondrial functions which lowers the 154 
respiratory rate [31]. 155 
2.3. Control of sterol biosynthesis 156 
Upc2 and Ecm22 not only mediate sterol uptake. They also control sterol biosynthesis. 157 
Regulation of sterol levels occurs through feedback mechanisms at transcriptional and 158 
post-transcriptional levels [44]. Lower cellular sterol levels increase the expression of ERG genes, 159 
which encode the enzymes that catalyze ergosterol biosynthesis, whereas higher sterol levels reduce 160 
ERG transcription. In the lab, sterol depletion is often achieved by using sterol biosynthesis 161 
inhibitors such as statins and azoles. Statins block HMG-CoA reductase which catalyzes an early 162 
step in sterol biosynthesis. Azoles are important antifungals that inhibit the enzyme Erg11 which 163 
functions at a later stage of ergosterol biosynthesis. Treatment with these drugs triggers the 164 
upregulation of ERG genes. This induction requires both Ecm22 and Upc2 [45]. Positive 165 
transcriptional regulation by Upc2 and Ecm22 has been demonstrated for many ERG genes 166 
[27,45,46]. Cells that lack Ecm22 and Upc2 have a very different sterol profile [47]. Ergosterol levels 167 
are strongly reduced and several intermediates particularly of the later stage of the biosynthetic 168 
pathway are enriched compared to the wild type. As a consequence, an ECM22 UPC2 double 169 
deletion strain exhibits a much higher sensitivity to sterol biosynthesis inhibitors [45]. 170 
Interestingly, Upc2 also regulates the expression of ARE1, ATF2 and HES1 which play roles in 171 
various aspects of sterol homeostasis [27]. Are1 catalyzes the formation of steryl ester, the storage 172 
form of ergosterol [19,21]. Atf2 catalyzes sterol acetylation which seems to be important for sterol 173 
detoxification [19,20]. Hes1 (also known as Osh5) has ill-defined roles in sterol homeostasis. It is 174 
probably involved in sterol synthesis and intracellular sterol transport [48,49]. Unfortunately, these 175 
potentially interesting links have not been characterized yet. 176 
Sut1 probably does not have a major role in sterol synthesis. SUT1 overexpression has only a 177 
slight effect on the levels of sterol intermediates but not of ergosterol [10]. Furthermore, expression 178 
of ERG genes is not regulated by Sut1 [31,35]. An involvement of Sut2 in sterol biosynthesis has not 179 
been reported. 180 
In summary, Sut1, Sut2, Ecm22 and Upc2 all control sterol uptake in the absence of oxygen. 181 
Sut1 and Upc2 also regulate other adaptations to anaerobic conditions. Ecm22 and Upc2 regulate 182 
sterol biosynthesis. Several targets genes are overlapping for Ecm22 and Upc2 in sterol biosynthesis, 183 
and for Sut1 and Upc2 for the adaptations to anaerobic conditions. Ecm22, Upc2, Sut1 and Sut2 are 184 
largely positive transcriptional regulators in these processes. 185 
3. Regulatory mechanisms 186 
Interestingly, the regulatory mechanisms for the processes described above seem to be 187 
connected. Under optimal conditions some Ecm22 and Upc2 bind to ERG promoters, which is 188 
important for uninduced expression of ERG genes [45]. When sterol levels drop following treatment 189 
with sterol biosynthesis inhibitors, Ecm22 is released from ERG promoters, a process that involves 190 
Mot3 [32,50]. At the same time, UPC2 expression is upregulated and binding of Upc2 to ERG 191 
promoters strongly increases which results in ERG induction [50,51]. This increase in UPC2 192 
expression can be explained by autoregulation. The UPC2 promoter contains Upc2-binding sites and 193 
positive control of its own transcription has been demonstrated for Upc2 [27,30,52]. 194 
Control of UPC2 transcription is an important regulatory mechanism for sterol biosynthesis. 195 
However, the recent determination of the structure of the C-terminal domain of Upc2 revealed an 196 
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additional control mechanism [14]. The C-terminal region of Upc2 serves as lipid-binding domain 197 
(Figure 2). When ergosterol is plentiful this domain extracts sterol from the plasma membrane. This 198 
is a highly specific process. The lipid-binding domain can extract ergosterol and the related 199 
dehydroergosterol but not other sterols such as cholesterol. The lipid-binding domain is a novel fold 200 
not present in any other protein. 11  helices and connecting loops form a hydrophobic pocket for 201 
ergosterol in the core of the protein (Figure 3). The lipid-binding domain is also important for Upc2 202 
dimerization as two  helices of each subunit form a hydrophobic dimer interface (Figure 3). Under 203 
sterol-rich conditions, Upc2 binds ergosterol and localizes predominantly to the cytoplasm, possibly 204 
because the lipid-binding domain masks the NLS [14] (Figure 4). When sterol levels drop, ergosterol 205 
dissociates from Upc2 which could result in a conformational change that exposes the NLS and 206 
allows the protein to translocate to the nucleus where it induces expression of ERG genes [14,16]. 207 
The analysis of the lipid-binding domain also provides a mechanism for the gain-of-function mutant 208 
UPC2-1 [9]. The G888D mutation lies near the lipid-binding domain and disrupts sterol binding [14] 209 
(Figure 2). The mutant protein can only be found in the nucleus where it induces gene expression. 210 
Ecm22 also possesses a lipid-binding domain that extracts sterols from membranes and it also 211 
translocates to the nucleus in response to sterol depletion [14,16]. Nevertheless, Ecm22 only seems to 212 
play a minor role in ERG gene induction. 213 
 214 
Figure 3: Crystal structure of the Upc2 lipid-binding domain. The lipid-binding domain forms 215 
dimers shown in green and turquoise (PDB 4N9N). To improve diffraction quality for 216 
crystallographic studies, T4 lysozyme has been inserted between helix 5 and 6 (shown in light blue) 217 
[14]. The hydrophobic pocket is highlighted by a black ellipse. 218 
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Figure 4: Regulation of Upc2 activity through lipid sensing. (A) When ergosterol (red spheres) levels 220 
are high it binds to the lipid-binding domain (LBD) of Upc2 and keeps the protein in the cytoplasm, 221 
possibly because the lipid-binding domain masks the NLS which lies adjacent to the Zn(II)2Cys6 222 
motif (Figure 2) (Zn); (B) When sterol levels drop ergosterol no longer binds to Upc2.  This might 223 
trigger a conformational change of the protein which results in a translocation to the nucleus. In the 224 
nucleus Upc2 induces genes involved in sterol biosynthesis, sterol uptake and general adaptations to 225 
anaerobic conditions. 226 
The expression of ERG genes in response to sterol depletion and the adaptation to anaerobic 227 
growth are regulated by Upc2 and Ecm22 through similar mechanisms. Sterols cannot be 228 
synthesized in the absence of oxygen. This reduction of sterol levels serves as the primary signal for 229 
the induction of several PAU/DAN/TIR genes by Upc2 and Ecm22 [32]. It therefore seems likely that 230 
Upc2 also translocates from the cytoplasm to the nucleus when oxygen levels drop. In addition, 231 
anaerobic genes are induced through increasing Upc2 protein level. In the presence of oxygen UPC2 232 
is expressed but partially repressed by Rox1 [36] (Figure 5). Under anaerobic conditions, UPC2 233 
expression increases due the loss of Rox1 repression and autoregulation [27,30,32,36]. 234 
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Figure 5: Transcriptional regulation of DAN1. (A) SUT1 and UPC2 are partially repressed by Rox1 in 236 
the presence of oxygen. The anaerobic gene DAN1 is not expressed due to chromatin-mediated 237 
repression; (B) Under anaerobic conditions, nucleosomes are released from the DAN1 promoter 238 
following histone deacetylation by Rpd3. Rox1 repression is lifted which results in increased 239 
expression of UPC2 and SUT1. Upc2 induces DAN1 expression through direct binding with the 240 
promoter whereas Sut1 might inactivate the co-repressor complex Cyc8-Tup1. Experiments that led 241 
to this model have largely been done with DAN1. However, these mechanisms might also apply to 242 
the regulation of other anaerobic genes. 243 
The expression patterns of Sut1 and Upc2 are quite similar. Early Northern blotting 244 
experiments suggested that SUT1 is not expressed under aerobic conditions [8]. However, later 245 
real-time PCR and immunoblotting experiments showed that mRNA and protein are aerobically 246 
expressed and induced under anaerobic conditions as suggested earlier [8,34,53]. Rox1 partially 247 
represses SUT1 in the presence of oxygen [8] (Figure 5). SUT1 expression is also autoregulated. 248 
Several Sut1 binding sites have been identified in the SUT1 promoter, and Sut1 positively regulates 249 
its own transcription [34,54]. 250 
SUT2 induction in response to the lack of oxygen has been reported but the underlying 251 
regulatory mechanisms are unknown [55]. 252 
The anaerobic induction of PAU/DAN/TIR by Upc2 requires the histone deacetylase Rpd3 [56]. 253 
An Rpd3 complex that includes Pho23, Sap30, Sds3, Sin3 and Ume1 targets the promoter of DAN1 254 
and probably other PAU/DAN/TIR genes. Following promoter binding under anaerobic conditions, 255 
Rpd3 deacetylates the N-termini of histones H3 and H4. This results in the removal of nucleosomes 256 
from DAN1 which is necessary for Upc2 binding to the DAN1 promoter (Figure 5). 257 
Some of the PAU/DAN/TIR genes and AUS1 are upregulated under anaerobic conditions by 258 
both Upc2 and Sut1 [27,30,31,33]. However, the mechanisms of transcriptional activation seem to be 259 
different. PAU/DAN/TIR genes as well as AUS1 and PDR11 possess Upc2-binding sites in their 260 
promoters and Upc2 acts through these sites [27,30,36,57]. In contrast, it has been suggested that Sut1 261 
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does not bind directly to the DAN1 promoter [33]. Furthermore, a genome-wide screen that 262 
identified several Sut1 targets did not pick up any anaerobic genes [58], and no Sut1 binding site 263 
have been identified in the promoter regions of DAN1 and AUS1 [54,58]. Sut1 instead might act 264 
through the general co-repressor Tup1-Cyc8 [33]. Relieving this repression would result in increased 265 
transcription of DAN1 (Figure 5). 266 
Sut1 is also regulated by the p21-activated kinases (PAKs) Ste20, Cla4 and Skm1 [17]. PAKs are 267 
important signaling molecules that are activated by the Rho GTPase Cdc42 [59]. PAKs can 268 
translocate to the nucleus where they bind to Sut1 and downregulate the expression of AUS1 and 269 
DAN1 in a Sut1-dependent manner. This results in a reduced sterol uptake [17]. Notably, PAKs also 270 
regulate sterol synthesis and storage suggesting that the regulation of sterol homeostasis is 271 
important for functions of PAKs such as cell polarization, filamentation and hyperosmotic shock 272 
[60]. Such links have indeed been reported [22,24-26,35,61]. 273 
4. Adaptations to changing environmental conditions 274 
Sterol homeostasis is not only important for normal cell growth under aerobic and anaerobic 275 
conditions. Regulation of sterol biosynthesis also plays a critical role in  the adaptation to changing 276 
environmental conditions. Sterol levels decrease for example in response to hyperosmotic stress but 277 
increase during filamentation [35,61]. 278 
Hyperosmotic stress which can be caused by high extracellular salt concentrations triggers the 279 
HOG pathway [62]. Plasma membrane-bound receptors sense an increase in extracellular osmolarity 280 
which leads to the activation of the MAP kinase Hog1. Through phosphorylation of various 281 
substrates Hog1 induces adaptations to hyperosmotic stress such as the synthesis of the osmolyte 282 
glycerol [62]. Activated Hog1 also increases the expression of MOT3 and to a lesser extent ROX1 283 
[61]. Mot3 and Rox1 mediate transcriptional repression of several ERG genes. These two repressors 284 
also lower ECM22 expression which contributes to ERG repression as well. This downregulation of 285 
several ERG genes results in reduced ergosterol levels. However, since only some but not all ERG 286 
genes are repressed sterol levels may not be simply lowered. It could be that the membrane sterol 287 
composition is modulated. While the alterations of the sterol profile seem to be an important 288 
adaptation to hyperosmotic stress it is unfortunately not known how exactly cells are protected. 289 
Ecm22 and Upc2 also positively regulate filamentation through increased sterol synthesis [35]. 290 
Filamentation occurs when cells grow on a semisolid medium with limited nutrients [63]. Under 291 
these conditions, cells become more elongated and do not separate following division. Furthermore, 292 
cells attach to and penetrate the medium they are growing on. Filamentous growth is therefore 293 
considered to represent a foraging mechanism. Ecm22 and Upc2 are both required for filamentation 294 
[35]. Several ERG genes are induced in an Ecm22- and Upc2-dependent manner when cells switch 295 
from the yeast form to the filamentous form. ERG genes seem to play a crucial role in this 296 
developmental transition since they are essential for filamentation. In addition, ERG expression is 297 
not only controlled by Ecm22 and Upc2 but also by Ste12, Phd1, Mga1 and Flo8 which are key 298 
transcriptional regulators of filamentation [64]. As a consequence, the ergosterol concentration 299 
increases during filamentation. Similar to the altered sterol levels in response to hyperosmotic stress 300 
it remains unknown why exactly changes of sterol concentrations are required during filamentation. 301 
Ecm22 and Upc2 not only control ERG genes but also upregulate FHN1, NPR1 and PRR2 302 
expression during filamentation. FHN1, NPR1 and PRR2 play important roles in filamentous 303 
growth. 304 
Sut1 and Sut2 are also key regulators of filamentation but in contrast to Ecm22 and Upc2 they 305 
inhibit filamentation [15,34,35]. GAT2, HAP4, MGA1, MSN4, NCE102, NPR1, PRR2, RHO3 and RHO5 306 
have been identified as targets of both Sut1 and Sut2 [34,35,58,65]. All of them are either essential for 307 
filamentation or at least play an important role in this process [34,35,66,67]. The expression of these 308 
genes, with the exception of MGA1, is upregulated when cells switch from the yeast form to the 309 
filamentous form [34,35]. The Sut1/Sut2 target genes seem to play a crucial role in filamentation 310 
because like ERG genes they also have binding sites for the filamentation master regulators Flo8, 311 
Mga1, Phd1, Ste12, Sok2 and Tec1 [64]. Sut1 and Sut2 partially repress the expression of GAT2, 312 
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HAP4, MGA1, MSN4, NCE102, NPR1, PRR2, RHO3 and RHO5 when nutrients are plentiful 313 
[34,35,65]. When cells grow on a semisolid substratum with limited nutrients this repression is lifted 314 
and results in an induction of the Sut1/Sut2 targets. Combined activity of the corresponding proteins 315 
might then trigger filamentation. 316 
The mechanisms of transcriptional regulation by Sut1 seem to be different for filamentation and 317 
adaptation to anaerobic growth. It has been suggested that induction of DAN1 in the absence of 318 
oxygen is not achieved through direct interaction of Sut1 with DNA but rather through inactivation 319 
of the general co-repressor Tup1-Cyc8 [33]. In contrast, Sut1 binds directly to DNA to regulate the 320 
expression of targets involved in filamentation, and DNA-binding motifs have been identified for 321 
Sut1 [54,58]. 322 
Sut1, Sut2, Ecm22 and Upc2 are regulated through a transcriptional network during 323 
filamentation (Figure 6). When cells sense nutrient deprivation and a semisolid substratum the 324 
transcription factor Ste12 becomes activated [63]. Ste12 downregulates the expression of SUT1 and 325 
SUT2 which results in induction of Sut1/Sut2 targets [34,35]. Among these targets is also UPC2 326 
whose expression increases during filamentaion [35]. This in turn leads to the upregulation of Upc2 327 
targets (FHN1, NPR1, PRR2 and ERG genes). 328 
 329 
Figure 6: Transcriptional regulation of filamentation. (A) Under nutrient-rich conditions, SUT1 and 330 
SUT2 are expressed and partially repress UPC2 and target genes that have a role in filamentation; (B) 331 
When cells grow on semisolid medium with limited nutrients, Ste12 becomes activated which 332 
represses SUT1 and SUT2. This results in induction of the Sut1/Sut2 target genes including UPC2 333 
which in turn leads to increased expression of Ecm22/Upc2 targets. The combined action of increased 334 
levels of Sut1/Sut2 and Ecm22/Upc2 targets might then trigger a switch to filamentous growth. 335 
Sut1, Sut2, Ecm22 and Upc2 also regulate mating. There are two distinct haploid cell types in 336 
budding yeast, termed a cells and  cells [68,69]. The two cell types secrete different pheromones to 337 
elicit  a mating response in cells of the opposite cell type. Pheromone signaling triggers a G1 arrest 338 
and formation of a mating projection which is required for subsequent cell fusion. Sut1 and Sut2 339 
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play a positive role in mating [65] which is achieved through repression of NCE102, PRR2, and 340 
RHO5. The corresponding proteins not only have important roles in filamentation as described 341 
above. They also inhibit mating and are therefore downregulated in response to pheromone 342 
treatment [65,70]. It therefore seems that Sut1 and Sut2 control the fate of a cell through the same set 343 
of genes. NCE102, PRR2, and RHO5 expression is upregulated under conditions that trigger 344 
filamentation due to the loss of Sut1/Sut2 repression. When cells are exposed to pheromone, 345 
transcription of NCE102, PRR2, and RHO5 is repressed which allows cells to mate. We have recently 346 
found that Ecm22 and Upc2 also regulate mating by a mechanism that is independent of the 347 
regulation of NCE102, PRR2, RHO5 and ERG gene expression (T. Höfken, manuscript in 348 
preparation). 349 
Taken together, Ecm22, Upc2, Sut1 and Sut2 all regulate cell fate decisions such as filamentation 350 
and mating. In contrast to sterol uptake and other adaptations to anaerobic growth, Ecm22, Upc2, 351 
Sut1 and Sut2 control different sets of genes (with the exception of PRR2 and NPR1 which are 352 
regulated by all four zinc cluster proteins) and they also have opposing roles. Sut1 and Sut2 are 353 
negative regulators of filamentation whereas Ecm22/Upc2 induce filamentous growth. 354 
5. Orthologs of ECM22, UPC2, SUT1 and SUT2 in other species 355 
Orthologs of ECM22, UPC2, SUT1 and SUT2 exist in other fungi. However, UPC2/ECM22 seem 356 
to be restricted to species of the Saccharomycotina, a lineage within the Ascomycetes [13]. The 357 
Saccharomycotina include the budding yeast S. cerevisiae and all Candida species such as C. albicans, 358 
C. glabrata, C. parapsilosis and C. tropicalis. In other fungi and higher eukaryotes, some functions of 359 
Ecm22 and Upc2, including regulation of sterol synthesis and uptake, and adaptation to low oxygen 360 
levels, are carried out by sterol regulatory element-binding proteins (SREBPs) [44,71]. Ecm22/Upc2 361 
and Sut1/Sut2 are paralogous pairs that arose from a whole genome duplication of a common 362 
ancestor of budding yeast and C. glabrata [10-13]. The other species listed here are more distant 363 
relatives of budding yeast that did not undergo this duplication event. It is therefore for example not 364 
surprising that UPC2/ECM22 have two orthologs in C. glabrata but only one in C. albicans [72-74]. 365 
The existence of orthologs raises the question whether functions and molecular mechanisms of 366 
the corresponding proteins are the same in budding yeast and other species. Rewiring of gene 367 
regulatory networks is an important mechanism of evolutionary adaptation [75]. It has for example 368 
recently been shown that the zinc cluster protein Ppr1 regulates pyrimidine biosynthesis in budding 369 
yeast but allantoin catabolism in C. albicans [76]. Considering the very different environment 370 
budding yeast and Candida live in, major rewiring can be expected. Nevertheless, it seems that at 371 
least some processes such as the regulation of sterol biosynthesis by Upc2 are relatively well 372 
conserved among the species described here. Upc2-binding sites can for example be found in most 373 
ERG genes of species of the Saccharomycotina lineage but not outside of this group [13]. 374 
Furthermore, the Upc2 lipid-binding domain is highly conserved among species of the 375 
Saccharomycotina, suggesting that these species sense sterol levels through the same mechanism 376 
[14]. 377 
5.1 Upc2 and Sut1 in C. albicans 378 
C. albicans is an important human fungal pathogen [77,78]. It is a commensal that lives in 379 
gastrointestinal and genitourinary tracts of healthy individuals. In immunocompromised patients, 380 
Candida cells can enter the bloodstream and invade virtually every tissue which results in a very 381 
high mortality rate. These systemic C. albicans infections are usually treated with azoles which 382 
inhibit Erg11, an enzyme of ergosterol biosynthesis. Since azoles are fungistatic and not funcicidal, 383 
cells can develop resistance which is a clinical problem. UPC2, the sole ortholog of budding yeast 384 
UPC2 and ECM22 in C. albicans, is involved in azole resistance [72,73]. 385 
C. albicans Upc2 plays an important in sterol biosynthesis. It directly binds to ERG promoters 386 
and induces ERG transcription in response to sterol depletion [72,73,79,52]. UPC2 expression is also 387 
autoregulated [73,80,81]. Gain-of-function mutants of UPC2 have been identified in several 388 
azole-resistant clinical isolates [82-85]. Almost all of them encode amino acid substitutions in or near 389 
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the lipid-binding domain of Upc2 (Figure 2). These mutations could prevent binding of ergosterol to 390 
the hydrophobic pocket and, as described for the G888D mutation of budding yeast Upc2, render the 391 
protein constitutively active in the nucleus [14]. The gain-of-function mutations cause increased 392 
expression of ERG11 and other ERG genes which results in higher ergosterols levels and therefore 393 
reduced azole susceptibility [82-85]. 394 
Upc2 also positively regulates the expression of MDR1, which encodes a multidrug transporter 395 
of the major facilitator family that exports azoles [79,82,85,86]. Even though Upc2 seem to play a 396 
minor role in this process it could contribute to azole resistance. 397 
The gain-of-function mutations in Upc2 provide an advantage in the presence of azoles. At the 398 
same time these mutants display decreased fitness, and as a consequence are also less virulent 399 
[87,88]. However, the role of UPC2 in virulence is not entirely clear. One study has reported that 400 
UPC2 deletion results in increased kidney colonization whereas others have observed the opposite 401 
effect for the UPC2 deletion [88,89]. 402 
Upc2 plays a critical role in the adaptation to anaerobic conditions. Deletion of UPC2 has been 403 
reported to either be lethal or result in severely impaired growth in the absence of oxygen [73,90]. 404 
Furthermore, UPC2 expression is induced in response to anaerobic conditions [79,80]. Notably, 405 
hypoxia (1% oxygen) is one of the environmental signals that triggers filamentation in C. albicans. 406 
Hypoxia-induced filamentation requires UPC2 which is interesting because filamentation plays 407 
important roles in host cell adherence, tissue invasion and virulence [78,91,92]. It has also been 408 
reported that a UPC2 gain-of-function mutation reduces filamentation [88]. The role of UPC2 in this 409 
morphological switch is therefore not entirely clear. 410 
The absence of UPC2 orthologs in humans, the role of Upc2 in azole resistance and potentially 411 
other important roles in Candida pathogenesis make Upc2 an interesting target for novel antifungal 412 
drugs [93]. 413 
Recently, a role for SUT1, the sole ortholog of budding yeast SUT1 and SUT2, has been 414 
established in C. albicans virulence [94]. A strain lacking SUT1 exhibits reduced kidney colonization 415 
and is defective in virulence. Sut1 is required for zinc acquisition which is essential for infection. 416 
Sut1 regulates this process by inducing the expression of the transcription factor gene ZAP1. Zap1 in 417 
turn activates the expression of zinc acquisition genes. Interestingly, Upc2 binds directly to the SUT1 418 
promoter and positively regulates SUT1 expression [79]. It would be interesting to further 419 
characterize this link and find out whether this constitutes a regulatory network of zinc cluster 420 
proteins during infection. 421 
5.2 UPC2 in other Candida species 422 
Other Candida species can also cause systemic infections [77]. C. glabrata is now emerging as a 423 
more common pathogen because it is less susceptible to azoles than C. albicans. The fact that C. 424 
glabrata can import sterols under aerobic conditions in response to sterol-containing serum and bile 425 
could be an explanation for  its reduced azole sensitivity [95-97]. Serum also induces expression of 426 
several ERG genes. UPC2A and UPC2B, the two orthologs of budding yeast ECM22 and UPC2 have 427 
roles in sterol homeostasis [98,99]. They are both required for serum-induced sterol import. Upc2A 428 
upregulates the expression of several genes in this process including UPC2B and AUS1, the sole 429 
ortholog of budding AUS1 and PDR11 [98,99,101]. Expression of TIR3, the ortholog of budding yeast 430 
TIR3, is also induced by Upc2A [102]. The plasma membrane protein Aus1 and the cell wall protein 431 
Tir3 cooperate in sterol uptake [101,102]. 432 
UPC2 orthologs also have important functions in azole resistance in C. parapsilosis and C. 433 
tropicalis [103-107]. UPC2 has been found to be upregulated and to contain mutations in 434 
azole-resistant clinical isolates. However there are also important differences. The Upc2 mutations 435 
found in azole-resistant strains lie in the center of the protein and not in or C-terminally of the 436 
lipid-binding domain of Upc2 as in C. albicans [106,107]. The effect of these mutations on the proteins 437 
are therefore not clear. 438 
6. Conclusions 439 
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Initially, it seemed that cellular sterol homeostasis is the sole function of the zinc cluster 440 
proteins Ecm22, Sut1, Sut2 and Upc2. This is achieved by regulating the transcription of sterol 441 
biosynthesis genes when sterol levels drop, and inducing the expression of sterol uptake genes in the 442 
absence of oxygen. More recently, it became evident that sterol levels need to be altered to cope with 443 
changing environmental conditions such as hyperosmotic stress. It was also found that Ecm22, Sut1, 444 
Sut2 and Upc2 have roles in other biological processes beyond sterol homeostasis such as mating 445 
and filamentation. More of these rather unexpected functions might be revealed in future. Not 446 
surprisingly, much of the fundamental research has been done in budding yeast. However, since the 447 
importance of Upc2, and to a lesser extent Sut1, for Candida pathogenesis became clearer probably 448 
more research will focus on these proteins in Candida. Since zinc cluster proteins are fungal-specific 449 
they are interesting targets for novel antifungals. 450 
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